The purpose of this study was to determine the effect of cross-slope on gait dynamics. Ten young adult males walked barefoot along an inclinable walkway. Ground reaction forces (GRFs), lower-limb joint kinematics, global pelvis orientation, functional leg-length, and joint reaction moments (JRMs) were measured. Statistical analyses revealed differences across limbs (up-slope [US] and down-slope [DS]) and inclinations (level; 0°; and cross-sloped, 6°). Adaptations included increases of nearly 300% in mediolateral GRFs (p < .001), functional shortening the US-limb and elongation of the DS-limb (p < .001), reduced step width (p = .024), asymmetrical changes in sagittal kinematics and JRM, and numerous pronounced coronal plane differences including increased US-hip adduction (and adductor moment) and decreased DS-hip adduction (and adductor moment). Data suggests that modest cross-slopes can induce substantial asymmetrical changes in gait dynamics and may represent a physical obstacle to populations with restricted mobility.
The underlying purpose of the study was to identify the effect of cross-slopes on gait dynamics. Cross-slopes (i.e., a surface incline in a direction perpendicular to the line of progression) are a regular feature of our physical environment. In the urban setting, it is common practice to tilt sidewalks and roadways to permit water drainage. Canadian national guidelines recommend a cross-slope inclination of 0.5-2.3° for that purpose (National Guide to Sustainable Municipal Infrastructure, 2004) . Further, curb ramps such as driveway entrances intersecting sidewalks are recommended to possess a slope of between 5° and 7° to permit motor vehicle passage (Ministry of Municipal Affairs and Housing, 2006) . However, for a pedestrian, sidewalks with intermittent or prolonged cross-slopes may impede gait and/or present a context for an increased risk of fall. For healthy adults, cross-slopes do not represent a significant challenge; however, for elderly and special populations (visually impaired, amputees, wheelchair users, etc.) , the asymmetrical demands of cross-slope walking may introduce functional muscular-skeletal and balance barriers. In particular, this may precipitate falls, a major cause of injury in elderly populations (Lockhart et al., 2007) , with incidences increasing with age (Campbell et al., 1981; Donald & Bulpitt 1999) . In addition, the decreased joint flexibility (most notably at the ankles) and strength of older populations (Reeves et al., 2009 ) may make cross-slope walking a difficult task to perform. Furthermore, a better understanding of gait dynamics during nonlevel walking conditions could aid in the design of a variety of prostheses and walking aids.
Studies dealing with cross-sloped surfaces have been limited. A pilot study by Pearsall et al. (2007) demonstrated that mediolateral GRFs on the cross-slope condition were significantly increased. The authors suggested that the main role of the mediolateral GRFs in cross-slope walking was to control and avoid lateral falling. Further, a study involving foot pressure showed significant pressure redistributions on the cross-slope condition (Urrey, 2002) . DeGarie and Pearsall (2000) and Nicolaou et al. (2002) each measured sagittal plane kinematics and found asymmetric responses between the DS and US limbs. Their findings suggest that the cross-slope creates a functional leg-length discrepancy with the US-limb shortening while the DS-limb elongates. Walsh et al. (2000) examined the effects of an artificially imposed leg-length discrepancy on gait kinematics and found the main compensatory change to be in pelvis obliquity with secondary changes occurring in the knee and ankle sagittal plane kinematics. These changes had the effect of functionally shortening the longer limb and elongating the short limb.
Based on the aforementioned cross-slope studies, a number of specific hypotheses related to cross-slope walking have been formulated. To avoid falls and stay true to the forward progression, the mediolateral GRFs will increase laterally for the US limb and increase medially for the DS limb. With respect to kinematic measures, it is hypothesized that increased joint flexion of the US limb, and increased extension of the DS limb will occur. Similarly, decreased external flexor JRMs of the US limb and a decreased external extensor JRMs for the DS limb are also expected. These joint adaptations are expected to correspond to leg-length discrepancies such that the US limb will be functionally shortened while the DS limb is elongated. The pelvis is expected to increased obliquity, that is, tilt upwards on the US side to further decrease functional leg length. It is also expected that the cross-slope will force the US ankle into decreased inversion and the DS ankle into greater inversion. It follows that the US ankle should sustain an external evertor moment whereas the DS ankle has an increased external invertor moment.
Step width is expected to decrease on the cross-slope to minimize the difference in elevation between the two limbs and thus the leg-length discrepancy. Further, this adaptation will result in the US hip increasing external adduction and adductor moment while the DS hip increases external abduction and abduction moment. The aim of this study was therefore to measure the aforementioned variables in relation to limb side and slope condition.
Methods

Subjects
A sample of 10 young healthy adult males, with no history of gait abnormalities, were recruited from among the McGill University student population. Excluded were any subjects with a leg-length discrepancy (LLD) greater than 2.0 cm. Leg length was measured, according to the specifications of the Vicon (Vicon, Denver, USA) Plug-in Gait model, as the distance between the anterior superior iliac spine and the medial malleolus, via the knee joint while the subject lay supine. This study was approved by the McGill University Research Ethics Board Office (REB File # 246-0208) and all subjects signed a consent form before participating in this study. Subjects wore nonobstructing clothing and walked barefoot along a wooden walkway. A summary of relevant anthropometric data are presented in Table 1 .
Description of Walkway
A walkway was used of length 6.91 m and width 1.21 m, with two embedded force plates (AMTI, model 0R6-7-1000, Watertown, MA, USA; Figure 1 ). The force plates were positioned such that two consecutive steps during a stride were captured while each subject walked along the platform. The platform was made up of four separate panels: two force plate panels and two walking panels. Force plate panels were isolated from the two walking panels by means of small gaps (0.5 cm), thus eliminating vibrations before and after foot contact. Force plates were secured into the force plate platforms via a number of bolts and stabilized by several subplatform braces. These braces effectively removed any vibrations that would have been caused by foot contact on the force plate. To avoid slippage, seven parallel strips of tactile tape were placed along the direction of progression. The platform was manually inclinable to the desired crossslope (0° or 6°). 
Data Acquisition and Analysis
After familiarization to both the level and cross-slope walking conditions, subjects performed barefoot walking trials at a self-selected comfortable speed, which, after postprocessing, averaged 1.3 m/s on each condition. Trials were rejected if either foot did not land fully on the force plate during their respective step. Force plate data were acquired at 960 Hz and filtered using a 4th-order low-pass Butterworth filter with a 20-Hz cutoff frequency. Data from passive optical markers, placed according to the Vicon Plug-in Gait model, were collected at 240 Hz using a six-camera Vicon system and filtered using a 4th-order low-pass Butterworth filter with a 10-Hz cutoff frequency. Data were then exported into MatLab (v2006b, The Mathworks Inc., Natick, MA, USA), where custom routines calculated joint angles according to the Grood and Suntay method (Grood & Suntay, 1983) as well JRMs, using the Vicon-generated lower-limb segment orientations and the joint center coordinates. Custom routines were implemented to correctly integrate the kinematics from the global coordinate system and the kinetics (vertical GRF normal to force plate) and center-of-pressure data from the force plate coordinate system. It should be noted that the force plate was zeroed before collection on the cross-slope condition to remove the effect of its weight on the output channels. The raw Grood and Suntay angles for each trial were expressed with respect to the anatomical static standing position as follows:
where J i = angles for joint J (ankle, knee, hip) and plane i (sagittal, coronal, transverse) J i raw = raw angles for joint J, plane i J i anat = anatomical angles for joint J, plane i Joint reaction moments were calculated according to a standard Newtonian inverse dynamic method using Euler angles and vectors (Vaughan et al., 1999) :
where
M res = residual moment including moment at distal segment, and moments produced by forces at proximal and distal joints.
It should be noted that JRMs computed represent the net moments acting on the joint from various sources (bone, tendon, ligament, and forces) that cannot be deconstructed into their individual components (Vaughan et al., 1982) .
Additional variables were computed as follows.
Step width was measured as the distance (within the plane of the walkway) between the ankle joint centers. Functional leg length was measured as the magnitude of the vector between the hip and ankle joint centers. Pelvis obliquity was measured in reference to the global coordinate system using the Vicon-computed segment embedded pelvis axes.
Statistical Analysis
Mediolateral GRFs and JRMs (sagittal and coronal planes) were evaluated at three major events based on the typical vertical GRF force-time curves (Rose and Gamble, 2006) (Table 2) . Ankle, knee, and hip kinematics as well as functional leg length were evaluated at heel strike (HS) and toe-off (TO) based on the vertical GRF. Additional sagittal plane events based on normative data (Ounpuu, 1994; Winter et al.,1994; Rose and Gamble, 2006) were also analyzed (Table 3) . Maximum pelvic obliquity during stance as well as step width at HS were also evaluated. Sign conventions are based on Eng and Winter (1995) , whereas naming conventions were inspired by those of McIntosh et al. (2006) .
Step width and pelvic obliquity were compared solely across slope inclination (level and cross-slope) using a within-subject one-way ANOVA (1 × 2 ANOVA) for repeated measures, and GRFs, JRMs, joint kinematics, and functional leg length were analyzed across slope conditions and between limbs (US and DS) using a withinsubject two-way ANOVA (2 × 2 ANOVA) for repeated measures. The risk of increased type I error resulting from these analyses was controlled for by using a Bonferroni correction in which the standard 0.05 significance level was divided by the number of dependent variables: 2 for the 1 × 2 ANOVAs (p = .025) and 34 for the 2 × 1 ANOVAs (p = .0015) (Howell, 2002) . Table 2 Representative gait cycle events used for data analysis of GRF and JRM with description and method of calculation
Gait Cycle Events Description and Calculation
Early Stance Last contact of the contralateral foot with the ground during ipsilateral St phase, calculated as the first peak in vertical GRF (MaxF z 1).
Midstance
The minimum vertical GRF value during single support (MinF z ).
Terminal Stance
The second peak in vertical GRF as single support ends and double support begins (MaxF z 2).
across conditions for both limbs as well as across limbs for the cross-slope condition throughout stance (Table  4 ). The US limb experienced a change in the direction of GRF from a medial to a lateral force whereas the DS limb maintained a medial GRF, but produced an approximately 300% increase in magnitude on the cross-slope. In the sagittal plane, a general pattern of increased joint flexion of the US limb and decreased flexion of the DS limb were seen on the cross-slope condition. The ankle, knee, and hip sagittal plane angles showed significant differences across sides and conditions (Figure 3e,d,c ; Table 5 ). The US ankle reported changes across conditions and sides at A x 2 with an increase in dorsiflexion (p = .046). The DS ankle increased plantar flexion at TO (p = .026) and reduced dorsiflexion during stance (A x 2) (p = .008) on the cross-slope. The US knee showed increased flexion at HS (p < .001), whereas the US hip revealed increased flexion toward terminal swing (H x 4) (p < .001) on the cross-slope. Sagittal JRMs were significantly modified only for the US knee during crossslope walking (Figure 3i , Table 6 ) with a decreased flexor moment at MaxF z 2 (p = .009). Unexpectedly, no changes were seen in ankle and hip sagittal plane JRMs.
As anticipated, in the coronal plane the cross-slope induced significant kinematic and kinetic changes at the ankles and hips. The US ankle decreased inversion on the cross-slope condition at HS (p < .001) and TO (p = .030), whereas the DS ankle showed an increased inversion at HS (p = .027) (Figure 3b , Table 7 ) as both ankles conformed to the walking surface. More importantly, there were several significant changes at the hips ( Figure  3a ; Table 7 ). At HS, a significant decrease (p = .023) in adduction of the DS hip was seen for the cross-slope condition. During TO, the US hip increased adduction (p < .001), whereas the DS hip increased abduction (p = .004) on the cross-slope. In terms of JRMs, the US Table 3 Additional gait cycle events used 
mediolateral GRFs, and (c) vertical GRFs. Note that the coordinate system for the DS limb was modified to allow a medially oriented force to be positive and a lateral force to be negative for both limbs. Data are presented over the stance phase of the gait cycle from 0 to 100%.
In cases where significant interaction between the two factors was achieved, post hoc tests were conducted. Note that this is a rather conservative approach (Wilcox, 1987) suggested by Howell (2002) . The significance level for the pairwise post hoc tests was also corrected using a Bonferonni correction by dividing the 0.05 significance level by the number of planned comparisons (6) (p = .0083). For clarity, p values outputted from each pairwise tests were multiplied by the number of planned comparisons and compared with the standard 0.05 significance level. The programs SPSS (SPSS for Windows, version 15.0) and MatLab (v2006b) were used for statistical analysis.
Results
As expected, large changes were seen in mediolateral GRF with the US limb increasing laterally and the DS limb increasing medially (Figure 2b ). Pairwise comparisons revealed highly significant differences (p < .001) ankle increased the evertor moment on the cross-slope (p < .001) at MaxF z 1 and MinF z , while being significantly different from its DS counterpart (p < .001 and p = .004). The hips showed highly significant differences (p < .001) throughout stance ( Figure 3g ; Table 8 ). The US hip reversed the moment it experienced across conditions, with an abductor moment on the level condition and an adductor moment on the cross-slope, whereas the DS hip increased its abductor moment on the cross-slope. Furthermore, the US and DS hip JRMs were significantly different from each other during cross-slope walking (p < .001) (Figure 3f , Table 8 ). Unexpectedly, there were no changes in pelvis obliquity during cross-slope walking. As hypothesized, mean step width was significantly reduced on the cross-slope condition (p = .024) with the cross-slope condition (8.1 ± 2.6 cm) revealing a more narrow step width than the level condition (9.3 ± 2.7 cm).
Moreover, an expected shortening of the US limb and elongation of the DS limb was seen on the cross-slope at TO (p < .001). Pairwise comparisons revealed that during cross-slope walking the US limb was functionally shorter (80.0 ± 2.8 cm) than the DS limb (81.4 ± 2.8 m).
Discussion
To the knowledge of the authors, this study provides the most exhaustive study of the biomechanics of crossslopes walking to date. A thorough analysis of GRFs, lower-limb kinematics, pelvis obliquity, JRMs, step width, and functional leg length has revealed that the modest cross-slope walking condition tested produced significant asymmetrical compensations between the US and DS limbs, most notably in the coronal and sagittal planes. In general, results suggest that subjects modified their sagittal plane kinematics, JRMs, and step width to minimize and adapt to the ground height difference between the US and DS feet induced by the cross-slope. Further, in the coronal plane while the pelvis remains upright, GRFs and JRMs showed asymmetrical and substantially greater magnitudes, the result of an effort to avoid lateral falling and to maintain a steady forward course.
Without compensation on the cross-slope surface, the US and DS limb would be either too long or too short, respectively, to permit comfortable locomotion and vertical balance. Subjects adapted to the surface incline by modifying their sagittal plane kinematics and kinetics as well as step width. In general, it is believed that the US hip increased flexion before HS in anticipation on the cross-slope obstacle. Further adjustments were then made at HS where an increased flexion of the US knee was recorded. The decrease in US functional leg length was then maintained throughout stance evident through the increase in US ankle maximal dorsiflexion. On the DS side, subjects attempted to increase their functional leg-length by decreasing dorsiflexion during stance and increasing plantar flexion at TO. Correspondingly, the kinetic profiles of the US limb showed a decrease in flexor moment at the knee. These changes effectively shortened the US limb and elongated the DS limb, thereby creating a functional leg-length difference of up to 1 cm at TO. Concurrently, reduced step width during cross-slope walking would have minimized US and DS foot placement height differences by 0.13 cm. Given that toe clearance values for young adults are relatively low, (e.g., 1.29 cm; Winter, 1992) , the decrease in step width combined with the noted kinematic foreshortening /lengthening of the US/DS limbs appears to be a subtle but effective behavioral adaptive strategy to permit foot clearance during locomotion on cross-slopes.
More pronounced, asymmetry of mediolateral plane GRFs, coronal kinematics, and JRMs between the US and DS limbs were observed that may have assisted subjects to both stay true to their forward course without slippage and, more importantly, avoid falling. Interestingly, contrary to previous work involving shoe wedges inducing a leg-length discrepancy (Gurney et al., 2001) , no changes were seen in pelvis obliquity. Though similar limb-length discrepancy was observed, the increased mediolateral GRFs and JRMs observed (but not seen by Gurney et al.) may have involved complementary upper-body compensations, such as leaning the trunk toward vertical rather than alter their coronal plane pelvic angles. A full-body study is warranted to verify this supposition. The asymmetrical loads induced by the cross-slope, in particular, augmented coronal JRMs at the ankles and hips, warrant further discussion. The kinematic compliance (i.e., decreased inversion of the US ankle and increased inversion of the DS ankle) of the ankles to the surface of the cross-slope, or more precisely of the rear foot by way of the subtalar joints, and the increased coronal plane JRM on the cross-slope walking surface may expose the ankle to an increase in mediolateral ligament strain. The coronal plane kinematics of cross-slope walking could thus place the ankles at risk for both medial (US) and lateral (DS) ankle complex ligament injury (Pollard et al., 2002) . Altered ankle kinematics, due to reduced joint flexibility (Reeves et al., 2009) could make crossslope walking dangerous for the elderly. The increased JRM at the hips could also increase injury risk in persons with preexisting joint instability, muscular weaknesses, or other pathologies. Furthermore, increased loads at the hip joint may result in hip pain and instability (Lewis et al., 2007) . As a dramatic rise of JRM was seen during cross-slope walking, both acute and long-term exposure to the condition might be of concern to certain populations. The group of subjects used in the current study was easily able to traverse the cross-slope platform; however, the altered kinematics and kinetics may lead to increased energy expenditure (Gurney et al., 2001 ) making crossslope walking energetically costly and perhaps exhausting for elderly and disabled populations. Prolonged exposure to conditions inducing a leg-length discrepancy, such as cross-slope walking, may exacerbate musculoskeletal disorders such as lower-back pain, hip pain, arthritis of the spine, and stress fractures (Gurney, 2002) .
With regards to elderly populations-having clearly identified the increased biomechanical requirements of cross-slope walking-to retain independent mobility, regular exposure to cross-slopes as part of a general fitness and rehabilitative program is essential as these terrain features are common pedestrian obstacles. For the elderly with substantial mobility deficits requiring use of canes or walkers, awareness for the challenges of cross-slopes and preventative strategies to avoid falls is warranted. The findings of this study are limited to the modest 6° cross-slope and to a young healthy male population. It is unknown how different cross-slope inclinations would affect the outcome measures or how special populations would adapt to the added stresses placed on the body during the cross-slope perturbation. Moreover, an analysis of upper-body kinematics and BCOM movement could verify the conclusions of this present study. Further studies are thus warranted to deepen the understanding of cross-slope walking. 
